A CHEMICAL SYNTHESIS OF ISOMALTOSE* BY M. L. WOLFROM, A. 0. PITTET,t AND I. C. GILLAMt DEPARTMENT OF CHEMISTRY, THE OHIO STATE UNIVERSITY Communicated March 3, 1961 Among the naturally occurring oligo-and polysaccharides, a number of the most interesting compounds contain a-linked D-glucose units. The chemical synthesis of all but the simplest a-D-glucopyranosides has proved to be far more difficult than that of the ,B-D-anomers. The synthesis of a ,f-D-glucopyranoside link is readily achieved' by use of the Koenigs and Knorr reaction2 in which a tetra-Oacyl-a-D-glucopyranosyl halide reacts with a hydroxylic compound, generally in the presence of an acid acceptor. An application of the Koenigs-Knorr reaction to the synthesis of a-D-glucosides has hitherto been of limited success. The known poly-O-acyl-f3-D-glucopyranosyl halides are either unstable and tend to rearrange to the more stable a-D anomeric form or they react with hydroxylic compounds by a mechanism involving participation of the trans 2-0-acyl group in the displacement at C-1 leading to products of f3-D-configuration.3 The ability of the protecting group at C-2 to participate in this manner is believed to play an important role in the readiness with which the halides of the f3-D-series anomerize. The two such compounds of this series which are relatively stable, namely, 3,4,6-tri-O-acetyl-/3-Dglucopyranosyl chloride and 3,4,6-tri-O-acetyl-2-0-(trichloroacetyl)-,8-D-glucopyranosyl chloride,4 are characterized by groups at C-2 which show only a slight tendency to participate.5 6 Thus, Hickinbottom7 was able to prepare, from these halides, mixtures of the methyl D-gluCopyranosides containing considerable proportions of the a-D-anomer. The uncertain course of the reactions of these two halides makes them of dubious value for synthesis of a-D-linked oligosaccharides; indeed, no such syntheses appear to have been reported.
Derivatives of a number of disaccharides containing a-D-glucopyranosyl residues have been synthesized by a variety of chemical methods. These include isomaltose,8 sucrose,9 maltose,10 aa-trehalose,"1 nigerose,'2 13 kojibiose,'4 and 2-O-a-D-galactopyranosyl-D-glucose. 15 In all cases but the first, the reported yields were low, and for some of the compounds the mechanism by which the a-D-glucosidic bond is formed is not clear. We wish to report herein a novel approach to the synthesis of a-D-linked glucopyranosyl oligosaccharides. In this, use is made of a nitrate ester group which has been shown16 17 to be free of the undesirable property of participation in the displacement reaction at a neighboring carbon atom. Carbohydrates containing a hydroxylic function can be nitrated under mild conditions to yield, in most cases, highly crystalline stable products; the nitrate groups may be removed by catalytic reduction8 when desired. An insertion of a nitrate ester group into the C-2 position of the known4 3,4,6-tri-O-acetyl-3-D-glucopyranosyI chloride afforded 3,4,6-tri-O-acetyl-2-0-nitro-f-D-glucopyranosyl chloride. It was anticipated that the reaction of this compound with a hydroxylic derivative should lead to the formation of an a-D-glucopyranosyl bond. Chloroform (U. S. P.) was freed of alcohol by washing with water, drying over calcium chloride, and distilling from phosphorus pentoxide. It was kept in the dark in sealed tubes until required. Anhydrous ether was used in the condensation experiments. 1,2,3,4-Tetra-O-acetyl-,-D-glucose was prepared by the method of Thompson, Wolfrom, and Inatome."9 8,4,6-Tri-O-acetyl-2-0-nitro-(3-D-glucopyranosyl chloride: To a mixture of absolute nitric acid, acetic acid, and acetic anhydride (60, 15 , and 25 ml, respectively, mixed at 00), stirred at -40°, was added 9.6 gm of finely powdered 3,4,6-tri-O-acetyl-fl-D-glucopyranosyl chloride.4 The reaction mixture was allowed to warm to 00 over a period of 20 min and was then poured onto 2 kg of cracked ice. When the acetic anhydride had hydrolyzed, the white solid was filtered, washed with cold aqueous sodium hydrogen carbonate, then with ice water, and finally dried over phosphorus pentoxide. Crystallization from ethyl acetate-heptane afforded the pure nitrate; yield 9 The sirupy residue obtained on solvent removal was dissolved in 75 ml of benzene, filtered, and again evaporated. The product was dissolved in 100 ml of ethanol, 50 mg of 10%0 palladium-on-charcoal was added, and the mixture was subjected to 45 p.s.i. of hydrogen for 4.5 hr. The sirupy residue obtained on filtration and solvent removal was acetylated with 0.5 gm of sodium acetate and 10 ml of acetic anhydride at 1100 for 75 min. The acetylated mixture was cooled and icewater (250 ml) added. The mixture was stirred to hydrolyze the acetic anhydride and extracted with chloroform. The chloroform layer was washed successively with aqueous sodium hydrogen carbonate and water, dried, and evaporated to a sirup which yielded crystals; yield 846 mg (86%7c), mp 97-102°. This material was recrystallized from heptane; yield 765 mg (78%), mp 100-101°, undepressed on admixture with authentic methyl tetra-O-acetyl-a-D-glucopyranoside, [a]24D +1300 (c 1.08, chloroform).
When the above reaction was carried out in the absence of silver perchlorate, the yield of product was reduced to 35%.
3-Isomaltose octaacetate: To 100 ml of anhydrous ether was added 3 gm of Drierite, 2 gm of silver carbonate, 100 mg of silver perchlorate, and 2.70 gm (7.5 mM) of 1,2,3,4-tetra-0-acetyl-fl-Dglueopyranose. To this mixture, stirred in the absence of light, was added 1.00 gm (2.71 mM) of 3,4,6-tri-O-acetyl-2-0-nitro-fl-D-glucopyranosyl chloride. The reaction mixture was stirred for 5 hr at room temperature, after which no chloride ion was detectable. The suspension was filtered through carbon and washed with 100 ml of ether. The combined filtrate and washings were evaporated to a sirup, which was dissolved in 200 ml of abs. ethanol, filtered, and hydrogenated for 50 min at 33 p.s.i. with 10% palladium-on-charcoal catalyst (100 mg). Filtration and evaporation gave a sirup, which was acetylated at 130°for 30 min with sodium acetate and acetic anhydride. The cooled reaction mixture was poured into an excess of ice and water and the mixture was extracted with chloroform. The chloroform extract was washed with aqueous sodium hydrogen carbonate and water, concentrated to a sirup and dissolved in benzene (24 ml). This u solution was chromatographed, in two equal parts, on two 25 x 5 cm (diam.) columns of MagnesolCelite2R (5:1 by wt). Development with 1% tert-butyl alcohol in benzene (1,600 ml), extrusion, and streaking with alkaline permanganate solution resulted in the appearance of two zones. The combined and sectioned zones were extracted with acetone. The extracts were evaporated and the residues were re-evaporated from ethanol solution whereupon they crystallized. #-D-Glucopyranose pentaacetate was obtained on evaporation of the column eluate; yield 2. 2-0-nitro-3-D-glucopyranosyl chloride in 20 ml of chloroform was added 3 ml of titanium tetrachloride; an immediate precipitation of a yellow solid occurred. An additional 3 ml of titanium tetrachloride in 20 ml of chloroform was added to the reaction mixture and the whole was heated under reflux for 1 hr. The reaction was terminated by pouring the suspension into 70 ml of ice and water. The mixture was stirred to hydrolyze the excess titanium tetrachloride and was then extracted with chloroform. The chloroform extract was washed successively with water, aqueous sodium hydrogen carbonate solution, and again with water. After solvent removal from the dried chloroform solution, the colorless sirup obtained was crystallized from ethyl acetate-petroleum In a typical Koenigs-Knorr reaction," 2 the rate-limiting step, apparently, is the heterogeneous interaction of the glycosyl halide with the insoluble silver carbonate. In our modification, an excess of silver carbonate was maintained and the perchloric acid, formed on reaction with compound I with the soluble silver perchlorate, acted on the silver carbonate to regenerate the silver perchlorate in solution (2) . The driving force of this reaction is probably the concerted exchange, with inversion, of the /3-D-chloro atom with the alkoxide through the formation of insoluble silver chloride (1). (2) The modification of the Koenigs-Knorr reaction described above was then applied to the synthesis of isomaltose, 6-0-a-D-glucopyranosyl-D-glucose. Ether was selected as a suitable inert solvent, and compound I was reacted with an excess of 1,2,3,4-tetra-0-acetyl-f-D-glucopyranose under these conditions. The sirupy reaction product was denitrated18 with hydrogen and palladium, and the reacetylated product was separated chromatographically23 by silicate column chromatography. ,B-Isomaltose octaacetate was obtained in 55 per cent yield together with a 5 per cent yield of ,3-gentiobiose octaacetate. This is an excellent yield of the former substance for this type of reaction. The deacetylation of those octaacetates to the unsubstituted disaccharides is well established.
The origin of the octaacetate of f-gentiobiose, 6-0-3-D-glucopyranosyl-D-glucose.
is not established. The stability of I in the solvent employed would appear to rule out anomerization of this glycosyl halide. It is probable that its origin lies in a preliminary solvent-assisted dissociation of the glycosyl halide into an ion pair type24 of reaction (3) . Indeed, it is asserted25' 26 that glycosyl halides react nor-mally by such a mechanism. The reaction may well occur on the surface of the silver carbonate, and it has been noted3' 27 The following analysis pertains to a method of finding stationary points of a special type of engineering design function of several variables as described in the previous paper' by C. Zener. In this analysis, it will be shown that the method described by Zener is rigorously valid under a set of necessary and sufficient conditions, and those conditions will be described. Further, Zener's analysis stops upon determining the optimum value of their function without specifying the values of the dependent variable at which the extrema occur. Here, the determination of these values will be carried out.
The type of function considered is n C(X1, . . XR1= E 77,, where Aj and ok; are numbers independent of (x, . . . , xn_,). That is, the function C, whose extrema are to be found, is a function of n -1 variables and is expressed as the sum of n terms each of which is a product of powers of the n -1 variables.2
The first step in Zener's approach is to construct a set (a,, . . . , a,,) such that n K _II Tf"
j=1 is independent of (xi, . . ., xn_,). We shall now derive a means of determining these exponents a>. From (2), 
j=i
